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Systems Engineering, 01250, Adana, Turkey

Cite this: RSC Adv., 2020, 10, 15461

Received 14th January 2020
Accepted 20th March 2020

DOI: 10.1039/d0ra00411a

rsc.li/rsc-advances

This journal is © The Royal Society o
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heterocyclic systems incorporating pyrimido[1,6-a]
pyrimidine and pyrimido[1,6-c]pyrimidine scaffolds
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Heterocycles incorporating a pyrimidopyrimidine scaffold have aroused great interest from researchers in

the field of medical chemistry because of their privileged biological activities; they are used as anti-bacterial,

antiviral, anti-tumor, anti-allergic, antihypertensive, anticancer, and hepatoprotective agents. Therefore, the

present study aims to investigate the chemistry of heterocycles incorporating pyrimido[1,6-a]pyrimidine

and pyrimido[1,6-c]pyrimidine skeletons and their biological characteristics. The main sections discuss (1)

the synthetic routes to obtain substituted pyrimidopyrimidines, pyrimido[1,6-a]pyrimidin-diones,

pyrimidoquinazolines, tricyclic, tetracyclic, and binary systems; (2) the reactivity of the substituents

attached to the pyrimidopyrimidine skeleton, including thione and amide groups, nucleophilic

substitutions, condensations, ring transformations, and coordination chemistry; (3) compounds of this

class of heterocycles containing a significant characteristic scaffold and possessing a wide range of

biological characteristics.
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medicinal chemistry.1 Pyrimido[4,5-d]pyrimidines are used as
cancer cell growth inhibitors,2 antioxidants,3 agents to reduce
dihydrofolic acid to tetrahydrofolic acid,4 antidiabetics,5

angiogenesis inhibitors,6 resistance modication agents,7

Mycobacterium tuberculosis,8 hypertension,9 and allergy
symptom treatments,10 antibacterial11 and antiviral agents,12

antitumor agents that inhibit monocarboxylate transporters
(MCTs),13–15 anti-inammatory16 and hepatoprotective agents,17

and tyrosine kinase inhibitors.18 The pyrimidopyrimidines of
this class comprise 4H-pyrimido[1,6-a]pyrimidine, 6H-pyrimido
[1,6-a]-pyrimidine, and 1H-pyrimido[1,6-c]pyrimidine (Fig. 1)
and their fused benzene derivatives. Accordingly, the analogs
pyrimido[1,2-c]pyrimidines are a class of 4H-pyrimido[1,6-a]
pyrimidines. Sirakanyan et al.19 reported the synthesis of
a pentacyclic system, pyranopyridofuro[2,3-e]pyrimido[1,2-c]
pyrimidine, in 71% yield by the chlorination of the desired
pyrimidine-aminoalcohol with phosphorus oxychloride and
subsequent intramolecular cyclization under reux conditions.
Moreover, Vivek's group20 prepared a series of tricyclic systems,
ethyl 8-substituted-10-(methylthio)-4-oxo-4,8-dihydropyrazolo
[4,3-e]pyrimido[1,2-c]pyrimidine-3-carboxylates, by the reac-
tions of 1-substituted-3-(methylthio)-1H-pyrazolo-[3,4-d]
pyrimidin-4-amines with diethyl 2-(ethoxymethylene)malonate
Fig. 1 Structures and atomic numbering of the 4H-, 6H-pyrimido[1,6-a
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under either solvent-free microwave irradiation (81–85%) or
thermal conditions (51–62%) in diphenyl ether. Tanarro and
Gutschow21 reported the synthesis of 10-benzyl-3,4,9,10,11,12-
hexahydro-2H-pyrido[40,30:4,5]thieno[3,2-e]-pyrimido[1,2-c]
pyrimidine from ethyl 2-amino-6-benzyl-4,5,6,7-tetrahydro-
thieno[2,3-c]pyridine-3-carboxylate and evaluated its activity as
an inhibitor for acetyl-cholinesterase from EeAChE, hAChE, and
hBChE.

4H-Pyrimido[1,6-a]pyrimidines are rarely reported despite
the fact they provide an exceptional ring structure and multiple
substitution designs, polarities, and H-bonding prociencies.
In view of this, 4H-pyrimido[1,6-a]pyrimidin-4-ones were ob-
tained by the condensation of 4-aminopyrimidine with Mel-
drum's acid22 or ethyl acetoacetate.23 Kitagawa's group24

reported the synthesis of 2,3,4,7-tetrahydro-6H-pyrimido[1,6-a]
pyrimidin-6-one (50% yield) and its 8-methyl analog (15%
yield) as cyclization products by the treatment of both 2,4-
dichloro-pyrimidine and 2,4-dichloro-6-methylpyrimidine with
3-aminopropan-1-ol and subsequent treatment with thionyl
chloride in tetrahydrofuran; an additional product was formed
(62% yield) due to the chlorination of the 8-methyl analog at C9
of the pyrimidopyrimidinone ring. Lulle et al.25 conveyed the
synthesis of 1-substituted-1,2,3,4-tetrahydro-6H-pyrimido[1,6-a]
]pyrimidine and 1H-pyrimido[1,6-c]pyrimidine skeletons.
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pyrimidine-6,8(7H)-diones by the amination of 1-(3-bromo-
propyl)-pyrimidine-2,4(1H,3H)-dione with different amines,
such as ammonia, propylamine, butylamine, and benzylamine,
and subsequent intramolecular cyclization. Previously, methyl
2-benzoylamino-3-dimethylaminopropenoate served as a syn-
thon for the preparation of N-(6,8-dihydroxy-4-oxo-4H-pyrimido
[1,6-a]pyrimidin-3-yl)benzamide from heterocyclic a-amino
compounds in acetic acid.26 A series of 1,4,9b-triazaphenalenes
as types of pyridopyrimido[1,6-a]pyrimidines were synthesized
by the thermal condensation reactions of 3-substituted-
cyclopropane-1,1,2,2-tetracarbonitriles in 1,2-dichlorobenzene
at reux temperatures, and their potential as materials for
electronic applications was studied.27 In addition, the
conformers of perhydro-3a,6a,9a-triazaphenalene were studied
by stereoelectronic stabilization, gauche interactions, DFT
calculations, and spectral data.28

A book chapter by Vasvári-Debreczy et al. described the
chemistry of bicyclic heterocyclic systems of the type [6 + 6]
containing a nitrogen atom at the ring junction.29a One of the
heterocyclic compounds investigated in this chapter incorpo-
rated a pyrimido[1,6-a]pyrimidine scaffold. In this chapter, the
researchers discussed the synthesis of pyrimido[1,6-a]
pyrimidine-6-thione, pyrimido[1,6-a]quinazolinone, pyrimido
[1,2-c]quinazoline, pyrimido[6,1-b]quinazolinone, and pyr-
imido-[5,6,1-ij]quinazolinone heterocyclic systems. Hermecz
and Vasvári-Debreczy wrote a book chapter on 6-6 bicyclic
systems with a ring junction nitrogen atom, in which the
synthesis of 2H-pyrimido[1,6-a]pyrimidines was briey
discussed.29b

On the other hand, Elattar et al. reviewed the chemistry of
pyrimido[1,2-a]pyrimidines,30 pyrimido[4,5-b]pyrimidines, and
pyrimido[5,4-b]pyrimidines.31 The pyrimido[1,2-a]-pyrimi-
dines30 were synthesized from the reaction of guanidine with
ethyl 2-methyl-3-oxopropanoate, unsaturated ketones or unsat-
urated nitriles. Acid treatment of dihydro-4H-pyrimido[1,2-a]
pyrimidines led to the formation of pyrimidopyrimidinium
salts. In addition, pyrimido[1,2-a]pyrimidines were synthesized
from amino-pyrimidines bymulticomponent reactions with aryl
aldehydes and barbituric or thiobarbituric acids, substituted-
dihydro-3H-pyrazol-3-ones or active nitriles. The reactions of b-
ketoesters with amino-pyrimidines yielded the anticipated ring
systems; also, the reactions of alkynones, diesters or enami-
noesters with aminopyrimidines yielded the same target
heterocycles. In another route, pyrimido[2,1-b]quinazolinones
are a type of pyrimido[1,2-a]pyrimidines which are prepared by
ring transformation of 6-amino-3,4-dihydro-2H-pyrimido[1,2-c]
Scheme 1 Synthesis of 8,8,9a-trimethyloctahydro-6H-pyrimidopyrimid

This journal is © The Royal Society of Chemistry 2020
quinazolines; moreover, thienyl-pyrimido[1,2-a]pyrimidines are
analgesic and antimicrobial agents. Also, the salts of these
compounds are inhibitors of human platelet aggregation, and
the tricyclic systems are potent gastroprotective agents. 3,8-
diaryl-4H-pyrimido[1,2-a]pyrimidinone has antagonistic effects
on melanin-concentrating hormone receptor and pyrimido[1,2-
a]quinazolinones are protein kinase inhibitors. Additionally,
dipyridamole, a type of pyrimido[5,4-d]pyrimidine,31 is an
anticoagulant agent and cAMP-phosphodiesterase platelet
inhibitor; it also decreases pulmonary hypertension.32 The
present study aims to explore and investigate the chemistry of
pyrimido[1,6-a]pyrimidines and pyrimido[1,6-c]pyrimidines as
important classes of heterocycles and to inspect their diverse
biological activities. This is considered to be a complementary
study to our previous studies in this eld,33–37 which are
considered to be an addition to the eld of medicinal chemistry.
2. Synthetic methods
2.1. Synthesis of substituted pyrimidopyrimidines

2.1.1. Synthesis from acyclic reactants. In light of obser-
vations, 4-isothiocyanato-4-methylpentan-2-one (1) was reacted
with propane-1,3-diamine (2) in a molar ratio of 3 : 1 to afford
the anticipated product, pyrimidopyrimidine-thione 3, in
excellent yield. The product was formed based on the molar
ratio of the reactants. The functional group of the substituent in
position 1 was ring-closed to afford binuclear junction 3. The
condensed heterocycle 3 was formed by preliminary conden-
sation of the amino function of the diamine with the ketonic
carbonyl function of 4-isothiocyanato-4-methylpentan-2-one (1),
followed by a subsequent intramolecular nucleophilic attack of
the terminal amino function at the C]S function of the iso-
thiocyanate fragment (Scheme 1).38

A procient synthetic route was reported by Alizadeh et al.39

through a multicomponent procedure. Subsequently, the reac-
tions of (2-nitroethene-1,1-diyl)bis(methylsulfane) (5) with
propane-1,3-diamine (2) or 2,2-dimethylpropane-1,3-diamine
(7) followed by reaction with N,N0-(arylmethylene)bis(1-arylme-
thanimine) (4) at reux temperature yielded the desired diaryl-
hexahydro-2H-pyrimidopyrimidines 6a, 6b, 8a, and 8b, respec-
tively, with yields ranging from 75%–83% (Scheme 2). This
procedure offers an alternative technique for application in
drug discovery.39

The proposed mechanism of these reactions was demon-
strated through nucleophilic substitution of the amino groups
of acyclic diamines with methyl-mercaptan groups to generate
ine-thione.

RSC Adv., 2020, 10, 15461–15492 | 15463
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Scheme 2 Synthesis of hexahydro-2H-pyrimido[1,6-a]-pyrimidines.
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the rst pyrimidine ring (intermediate A-1). Next, the addition
of the intermediate A-1 to N,N0-(arylmethylene)bis(1-aryl-
methanimine) (4) generated the intermediate B-1, which
underwent successive cyclization to afford the products 6 and 8
through the elimination of aryl aldehyde and ammonia mole-
cules by a hydrolysis step. The general mechanism involved the
cycloaddition of diamines to bis-methylsulfane 5, attack of the
generated intermediate at the C]N bond of compound 4, and
subsequent intramolecular cyclization to construct another
pyrimidine ring (Scheme 3).39

2.1.2. Multicomponent synthesis. Multicomponent reac-
tions were employed for the synthesis of ethyl 2,4,8,9-tetrasub-
stituted-4H-pyrimido[1,6-a]pyrimidine-3-carboxylates through
a facile synthetic route. In this route, one-pot three-component
reactions of aminopyrimidines 9 and aldehydes 10 with b-
ketoesters 11 yielded the respective ethyl carboxylates 12. The
compounds contain an sp3 carbon at the C4 position, which
diminishes the aromaticity of the 6–6 bicyclic system. Addi-
tionally, the chlorine atom and amino group (R1¼ Cl, R2¼NH2)
increase the diversity of structures 12a–p. The reactions of 10a
Scheme 3 The proposed mechanism for the ring construction of
pyrimidopyrimidines 6 and 8.

15464 | RSC Adv., 2020, 10, 15461–15492
with 11a and 9a to prepare ethyl carboxylate 12a were carried
out using different acids, such as hydrochloric acid, sulfuric
acid, and triuoromethane–sulfonic acid, in different equiva-
lent amounts using acetonitrile as a solvent and by solvent-free
reactions. As a result, better product yields were achieved under
solvent-free conditions with triuoromethanesulfonic acid (0.5
equiv.) by heating at 110 �C. In the rst step, the aldehydes 10
were condensed with the respective b-ketoesters 11 to form the
arylidene intermediates, which reacted with the amino-
pyrimidines to afford the desired ethyl carboxylates 12
(Scheme 4).40

2.1.3. Synthesis from 4-aminopyrimidines. Heating 5-
(benzyloxy)pyrimidin-4-amine (13) and 5-methoxypyrimidin-4-
amine (14) with diethyl 2-(ethoxymethylene)malonate yielded
the respective enamines 15 and 16, respectively, in excellent
yields (88% and 85%) aer elimination of an ethanol molecule.
Cyclization of the enamines 15 and 16 was accomplished by
heating with Dowtherm reagent to afford ethyl carboxylates 17a
and 17b in moderate yields. The cyclization step proceeded
through an initial rearrangement involving a1,3 H shi followed
by an intramolecular nucleophilic attack of the formed imine at
the carbonyl ester group and subsequent elimination of an
ethanol molecule. Hydrogenolysis of pyrimido[1,6-a]pyrimidine
17b with catalytic palladium over carbon or palladium
hydroxide produced the desired ethyl carboxylate 18 through
the cleavage of O–C bonds with the elimination of a benzyl
alcohol molecule (Scheme 5).22

Similarly, the condensation of 4-alkoxy-4-aminopyrimidines
13 and 14 with Meldrum's acid derivative afforded, aer
thermal cyclization, the enaminoester intermediates 19 and 20
with the formation of 9-alkoxy-1-pyrimido[1,6-a]pyrimidines
21a and 21b substituted by a 3-ethoxycarbonyl group in the rst
issue. The hydrogenolysis of the anticipated benzyl ether
afforded 9-hydroxy-4H-pyrimido[1,6-a]pyrimidin-4-one 22 as
a heterocyclic phenol and the analog ketone 23 (Scheme 6).22

The previous procedure was applied for acyclic ketones such
as sodium oxobutenolate 25 and sodium propenolate 27.
Therefore, 6-aminothiouracil (24) was subsequently reacted
with sodium salts 25 and 27 in piperidine acetate at their reux
temperatures to afford the desired 4-substituted-
This journal is © The Royal Society of Chemistry 2020
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Scheme 4 Multicomponent synthesis of ethyl 2,4,8,9-tetrasubstituted-4H-pyrimido[1,6-a]pyrimidine-3-carboxylates.

Scheme 5 Synthesis of the ethyl carboxylate of pyrimidopyrimidine 18.
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pyrimidopyrimidinones 26 and 28, respectively. The proposed
mechanistic route adopted to obtain these compounds pro-
ceeded according to the same mechanism proposed for the
formation of cycloalkyl[e]pyrimido[1,6-a]pyrimidin-3(7H)-ones
(Scheme 7).41

Condensation of Meldrum's acid with methyl formate cata-
lyzed by zinc chloride provided a facile in situ preparation of its
methoxy-methylene derivative 30. Consequently, 5-(benzyloxy)
pyrimidin-4-amine (29) was reacted with a derivative of Mel-
drum's acid (30) to afford the pyrimidinyl-dioxane-dione 31 in
a yield of 68%. The respective pyrimidopyrimidinone 32 was
This journal is © The Royal Society of Chemistry 2020
generated by heating compound 31 to release carbon dioxide
and acetone molecules. Hydrogenolysis of 32 using a palladium
over carbon system led to removal of the protecting benzyl
group to afford 9-hydroxy-4H-pyrimido[1,6-a]pyrimidin-4-one
(33) (Scheme 8).42
2.2. Synthesis of pyrimido[1,6-a]pyrimidin-diones

2.2.1. Ring annulation attempts. The enaminone derivative
of 2H-naphtho1,4 oxazinone (34) was reacted with 6-amino-2-
thioxo-2,3-dihydro-pyrimidin-4(1H)-one (24) and 6-amino-
pyrimidine-2,4(1H,3H)-dione (35), respectively,43 by heating in
RSC Adv., 2020, 10, 15461–15492 | 15465

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00411a


Scheme 6 Synthesis of 9-hydroxy-4H-pyrimido[1,6-a]pyrimidin-4-one.

Scheme 7 Synthesis of 4-substituted-6-thioxo-6,7-dihydro-8H-
pyrimido[1,6-a]pyrimidin-8-ones.

Scheme 8 Synthesis of 9-hydroxy-4H-pyrimido[1,6-a]pyrimidin-4-
one.
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acetic acid to afford the respective 2-thioxo(oxo)-4-oxo-pyrido
[2,3-d]pyrimidines 37a and b, respectively, instead of the
formation of 6H-pyrimido[1,6-a]pyrimidines 38a and b.
However, the reactions failed to afford the anticipated dihydro-
6H-pyrimido[1,6-a]pyrimidines 38a and b. A Michael addition-
15466 | RSC Adv., 2020, 10, 15461–15492
type reaction was proposed for the detection of the formed
products (37a,b), in which the exocyclic amino group of the
amino-pyrimidine attacks the active C]C double bond of
enaminone 34; this resulted in the elimination of a dimethyl-
amine molecule and the generation of the non-isolable inter-
mediates 36a and b. The endocyclic imino group of
aminopyrimidine is known to be a stronger nucleophile;44,45

however, it has high steric hindrance.46 In this route, the cycli-
zation of the intermediates (36a,b) into the desired pyridopyr-
imidines (37a,b) or pyrimidopyrimidines (38a,b) could be
achieved. The addition of the exocyclic C]C to the carbonyl
ketone took place rather than the intramolecular nucleophilic
addition of the NH group of the pyrimidinone ring at the
carbonyl ketone. However, the formation of the pyridopyr-
imidines (37a,b) was accomplished based on the spectroscopic
data of the isolated products (Scheme 9).47

2.2.2. Synthesis from 6-aminopyrimidine-2,4-diol. More-
over, the hetryl aldehyde 39 was reacted with 6-
aminopyrimidine-2,4-diol (40) in an alcoholic solution of
potassium hydroxide at reux temperature to afford 3-hetryl-
carbonyl-pyrimidopyrimidine-dione 41. The mechanism of
this reaction is proposed in Scheme 10. An initial nucleophilic
attack of the hydroxide ion generated from potassium
hydroxide took place at C2 of the chromen-4-one ring, followed
by protonation and tautomerization of the carbonyl group at C4.
Then, pyranone ring cleavage was accomplished to generate the
intermediate A-2. In another route, 6-aminopyrimidine-2,4-diol
(40) was rearranged to the keto-form with generation of the
anion by abstraction of the proton at C3 by the action of
hydroxide ion with the formation of the intermediate B-2, which
was tautomerized to the intermediate C-2. The interaction of the
intermediates A-2 and C-2 yielded the respective pyrimido[1,6-a]
pyrimidine-dione (41) through nucleophilic attack of the anion
carbon at the carbonyl group of the intermediate A-1, followed
by the cyclocondensation step.48

2.3. Synthesis of pyrimidoquinazolines

Quinazolinone analogs were reported to have a comprehensive
diversity of biological activities and have been widely used and
applied in various medical and pharmaceutical elds;49 they are
This journal is © The Royal Society of Chemistry 2020
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Scheme 9 Synthesis of 2-thioxo(oxo)-4-oxo-pyrido[2,3-d]pyrimidines.
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applied as antioxidant,50 antihyperlipidemic,51 antiviral,52 anti-
tumor,53 analgesic, anti-inammatory,54 anticonvulsant,55 anti-
hypertensive,56 and antimicrobial agents.57

2.3.1. Synthesis from pyrimidine-2,4(1H,3H)-dione. Suchy
and Hudson58 reported a simple multi-step synthetic route for
the construction of tert-butyl 2-(4-bromo-1,10-dioxo-1H-pyr-
imido[6,1-b]quinazolin-2(10H)-yl)acetate (46) via an elegant
procedure. This process represents the rst synthesis of
a heterocyclic compound incorporating a 1,10-dioxo-1H-pyr-
imido[6,1-b]quinazoline core. Thus, tert-butyl acetate 43 was
Scheme 10 Synthesis of 3-(aroyl)-6H-pyrimido[1,6-a]pyrimidine-6,8(7H

This journal is © The Royal Society of Chemistry 2020
obtained in moderate yield by bromination of uracil (42)59 in the
rst step, followed by treatment with t-butyl bromoacetate in
DMF containing K2CO3, treatment with phosphorus oxy-
chloride, and subsequent reaction with 1,2,4-triazole in aceto-
nitrile catalyzed by TEA. Heating the respective 1H-1,2,4-
triazolyl-pyrimidine 43 with anthranilic acid in 1,4-dioxane
yielded the aryl cytosine 44. The reaction proceeded in the
presence of 10% water to facilitate the nucleophilic substitution
and in the absence of base. The aromatic nucleophilic substi-
tution of 43 with anthranilic acid progressed according to the
)-dione.

RSC Adv., 2020, 10, 15461–15492 | 15467
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method reported by Pedroso et al.60 Product 43 was obtained
aer recrystallization in 86% yield. In the last step, tert-butyl 2-
(4-bromo-1,10-dioxo-1H-pyrimido[6,1-b]quinazolin-2(10H)-yl)
acetate (46) was synthesized by treatment of aryl cytosine 44
with Boc anhydride or di-tert-butyl pyrocarbonate (Boc2O) in the
presence of 4-dimethyl-aminopyridine (DMAP) as a base. The
product 46 was formed in 78% yield through in situ generation
of the intermediate 45, which followed an intramolecular
decarboxylative coupling.61 The intramolecular nucleophilic
attack of the nitrogen atom at position 3 of the cytosine ring on
the carbonyl group of the carboxylate fragment proceeded with
the elimination of tert-butanol and carbon dioxide molecules
(Scheme 11).

2.3.2. Synthesis from 4,6-dichloropyrimidine. Procient
multi-step synthetic routes have been investigated by Li et al.62

for the construction of N,6-bis(aryl)-3,4,6,7-tetrahydro-2H-pyr-
imido[1,6-c]quinazolin-2-imines 54a–l in good yields (52–80%).
Therefore, 4,6-dichloropyrimidine (47) reacted with aryl amines 3
in isopropanol catalyzed by hydrochloric acid to afford 6-chloro-
N-aryl-pyrimidin-4-amines (49).63 Palladium-catalyzed Suzuki–
Miyaura cross-coupling reactions of 49 with boronic acid 50
yielded the desired N,6-diaryl-pyrimidin-4-amines (51). Subse-
quently, condensation of 51 with 4-substituted-benzaldehydes
(52) afforded the Schiff bases 53. Cyclization of compounds 53
to the desired pyrimidoquinazolines 54 was accomplished by
sodium borohydride treatment in methanol at room tempera-
ture. In this sequence, different conditions were applied for these
reactions, in which the best yields (53a, 70%) of the reactions
were obtained using sodium borohydride as an additive in
methanol as a solvent at room temperature (Scheme 12).62
Scheme 11 Synthesis of tert-butyl 2-(4-bromo-1,10-dioxo-1H-pyrimido

15468 | RSC Adv., 2020, 10, 15461–15492
A proposed mechanism for the synthesis of pyr-
imidoquinazolines 54 is presented in Scheme 13. Accordingly,
there are two possible pathways (A and B) for the cyclization
step of compounds 53 to afford the pyrimido[1,6-c]quinazolines
(54). In route A,1,3 proton transfer generates the tautomer 55.
The carbon at position 2 of the pyrimidine ring is attacked by
the hydrogen anion produced from sodium borohydride to
form the intermediate 56. The nitrogen anion of 56 enables
intramolecular cyclization by attacking the C]N bond to form
intermediate 57. Alcoholysis of the intermediate 57 with
methanol yields the target products 54. In route B, reductive
dearomatization of 53 occurs rst by the action of sodium
borohydride; then, the generated nitrogen anion of the inter-
mediate 58 undergoes alcoholysis to form the intermediate 59,
and nally,1,3 proton transfer yields the products 54.62

In the same way, pyrimido[1,6-c]quinazoline (61) was
synthesized with a yield of 50% by treatment of N-methyl-
pyrimidine 60 with NaBH4/MeOH at room temperature.
Product 61 was obtained by following pathway B without the
step of1,3 proton transfer (Scheme 14).62

2.3.3. Synthesis from methyl N-cyano-2-nitrobenzimidates.
Yin et al.64 employed a method of tandem condensation for the
synthesis of substituted-6-amino-3,4-dihydro-2H-pyrimido[1,2-
c]quinazolines (63) with excellent yields through a two-step
synthesis. The products 63 were obtained from the reaction of
methyl benzimidates 62 each with 3-chloropropan-1-amine
hydrochloride catalyzed by sodium bicarbonate and subse-
quent reductive cyclization by treatment with an Fe/HCl system.
In the rst step, two equivalents of chloroalkyl-amines (hydro-
chloride and sodium bicarbonate) were used; meanwhile, four
equivalents of iron and excess potassium carbonate were used
[6,1-b]quinazolin-2(10H)-yl)acetate.

This journal is © The Royal Society of Chemistry 2020
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Scheme 12 Synthesis of N,6-bis(aryl)-3,4,6,7-tetrahydro-2H-pyrimido[1,6-c]quinazolin-2-imines.

Scheme 13 Proposed mechanism for the synthesis of 2H-pyrimidoquinazolines 54.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 15461–15492 | 15469
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Scheme 14 Synthesis of N-methyl-6,7-dihydro-4H-pyrimido[1,6-c]quinazoline.
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in the next step, which involved processing by reuxing the
reactants in an Fe–HCl system for three hours and subsequent
addition of potassium carbonate with reuxing for an addi-
tional six hours. The procedure involved a one-pot sequence of
intramolecular N-alkylation (Scheme 15).

2.3.4. Synthesis from pyrimidine-dione. Heating of
substituted isotonic anhydrides (64a–e) with 6-methylpyr-
imidine-2,4(1H,3H)-dione (65) in xylene afforded the respective
1H-pyrimido[6,1-b]quinazoline-1,10(4H)-diones 66a–e, respec-
tively. The products were formed through ring-opening of the
respective anhydride with condensation and subsequent ring
closure (Scheme 16).65

2.3.5. Synthesis from quinazolinones. Treatment of 2-
methylquinazolin-4(3H)-one (67) with phosphorus pentasulde
and phosphorus oxychloride followed by reaction with thiourea
in ethanol at reux temperature yielded 2-methylquinazoline-4-
thiol (68). The respective 2-substituted-quinazoline-4-thiol
derivatives (69a–d) were synthesized by reactions of 68 with
aryl aldehydes. Solvent-free reactions of 69a–d with esters of
amino acids catalyzed by TEA at their reux temperatures yiel-
ded the corresponding 6-substituted-2,3-dihydro-4H-pyr-
imidoquinazolinones 70a–d in respectable yields (79–87%). The
use of solvents and basic catalysts in the previous reactions
Scheme 15 Synthesis of 3,4-dihydro-2H-pyrimido[1,2-c]quinazolines.

15470 | RSC Adv., 2020, 10, 15461–15492
reduces the yield of the products. The products 70a–d were
obtained by reactions involving nucleophilic substitution and
thermal cyclization processes.66 Otherwise, Špirková and
Stankovský67 reported the synthesis of pyrimidoquinazolinones
71 by heating 2-phenyl-quinazoline-4(3H)-thiones (68a–c) with
equimolar amounts of methyl esters of glycine, a-alanine or b-
alanine in an oil bath in the absence of basic catalyst
(Scheme 17).

Congruently, chlorination of 6-bromo-2-substituted-quina-
zolin-4(3H)-ones 72a,b with phosphorus oxychloride yielded the
corresponding chlorinated products 73a,b, respectively, in
which the chlorination occurred at C4 of the quinazolin-4(3H)-
one ring. Accordingly, cyclization step reactions of 73a and 73b
with 2-amino-5-bromobenzoic acid, respectively, were per-
formed by heating in butanol at its reux temperature to afford
2,10-dibromo-6-substituted-8H-quinazolinoquinazolinones 74a
and 74b. The products were acquired by nucleophilic attack of
the amino group at C4 of the quinazoline ring with chlorine
atom substitution. Subsequent1,3 H transfer and intramolecular
cyclocondensation yielded the respective products 74a and 74b
(Scheme 18).68

2.3.6. Synthesis from aryl aldehydes. An unpretentious
method was conveyed for the synthesis of ethyl pyrano-pyrimido
This journal is © The Royal Society of Chemistry 2020
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Scheme 16 Synthesis of 3-methyl-1H-pyrimido[6,1-b]quinazoline-1,10(4H)-diones.

Scheme 17 Synthesis of 6-substituted-2,3-dihydro-4H-pyrimido[1,2-c]quinazolin-4-ones.
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[6,1-b]quinazoline-2-carboxylates (79) by Shi et al.69 through
multi-step reactions. Consequently, condensation of aryl alde-
hydes 75 with malononitrile yielded the arylidene malononi-
triles 76 according to the procedure reported by Venkateswarlu
et al.70 Arylidenes 76 were reacted with ethyl 3-oxobutanoate to
afford the desired ethyl carboxylates 77. Reuxing of ethyl
carboxylates 77 with triethyl orthoformate in acetic anhydride
yielded the ethoxymethylene-amino analogs 78. The cyclization
of 78 with methyl 2-aminobenzoate in acetic acid at reux
temperature yielded the corresponding ethyl pyrano-pyrimido
[6,1-b]quinazoline-2-carboxylates (79) with yields ranging from
65% to 71%. The cyclization step followed an initial nucleo-
philic attack of the arylamino function of methyl 2-amino-
benzoate at the ethoxymethylene carbon with the elimination of
an ethanol molecule and subsequent intramolecular nucleo-
philic attack at the nitrile function to generate an imino group,
Scheme 18 Synthesis of 2,10-dibromo-6-substituted-8H-quinazolinoq

This journal is © The Royal Society of Chemistry 2020
which attacked the ester group to afford the target products 79
(Scheme 19).69

2.3.7. Synthesis of quaternary salts. A procient procedure
for the synthesis of tetrahydropyrimido[1,2-c]quinazolin-5-
ium salts (84) was conveyed by Stankovský and Filip.71

Accordingly, heating of amidinoyl isothiocyanates (80) in
benzene yielded the corresponding 2-(disubstituted-amino)-
6-substituted-quinazoline-4(3H)-thiones (81) in quantitative
yields. The substitution of the SH group “generated from
enolization of the carbothioamide group” with the terminal
amino group of 3-aminopropan-1-ol was achieved by heating
the reactants to afford the respective 4-(3-hydrox-
ypropylamino)quinazolines 82a,b. Subsequent heating of
82a,b with hydrochloric acid yielded the corresponding pyr-
imidoquinazolinium chlorides 83a,b, respectively. The
structures of 83a,b have two other possible tautomeric
uinazolinones 74.

RSC Adv., 2020, 10, 15461–15492 | 15471
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Scheme 19 Synthesis of ethyl 8-oxo-1H,8H-pyrano-pyrimido[6,1-b]quinazoline-2-carboxylate.
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structures, identied as pyrimidoquinazolinium chlorides 84
(Scheme 20).

An efficacious method for the synthesis of quaternary
salts was conveyed by Yoshikawa and Shitago72 involving
intramolecular cyclization reactions of the anticipated 4-
amino-hydroxy-propane-6,8-disubstituted-quinazolines 86.
As a result, the treatment of 4-amino-6,8-disubstituted-
quinazolines 85a–d with phosphorus oxychloride at reux
temperature yielded the desired chlorinated products 86,
which were cyclized to the tetrahydropyrimido[1,2-c]
quinazolin-5-ium chlorides 87a–d by treatment with
sodium bicarbonate. The mechanism of this cyclization
followed an initial1,3 proton transfer of the proton of the
imine group followed by elimination of the HCl molecule
(Scheme 21).
Scheme 20 Synthesis of pyrimidoquinazolinium chlorides 84.

15472 | RSC Adv., 2020, 10, 15461–15492
2.3.8. Synthesis from quaternary salts. Treatment of tetra-
hydropyrimido[1,2-c]quinazolin-5-ium chlorides 87a–d with
10% sodium hydroxide solution yielded the free bases of pyr-
imido[1,2-c]quinazolines 88a–d in moderate to good yields
(31.7–79.5%). The products were formed by the dehydration of
the generated intermediate A-3. On the other hand, treatment of
3-((6-nitroquinazolin-4-yl)amino)propan-1-ol (85a) with conc.
sulfuric acid and sodium nitrite and subsequent heating with
sodium hydroxide solution yielded pyrimidoquinazoline 88a
through two possible mechanistic routes. Nitrosation of the
imine group with nitrosyl sulfate and sulfonation of the
terminal hydroxy group activated the cyclization by abstraction
of the nitroso group and subsequent substitution of the
hydrogen sulfate group of the intermediate A-3. Alternatively,
the cyclization step proceeded with the elimination of
This journal is © The Royal Society of Chemistry 2020
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Scheme 21 Synthesis of pyrimidoquinazolinium chlorides.
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a hydrogen sulfate group to generate the tetrahydropyrimido
[1,2-c]quinazolin-5-ium hydrogen sulfate, intermediate B-3
(Scheme 22).72
2.4. Synthesis of tricyclic systems

2.4.1. Synthesis of cycloalka-pyrimido[1,6-a]pyr-
imidinones. From the literature viewpoint, the construction of
the pyrimido[4,5-d]pyrimidine heterocyclic system has been
achieved through multistep synthetic routes.73,74 Moreover,
Hussein and coworkers41,75 reported an unpretentious method
for the construction of 1-thioxo-1,2,8,9-tetrahydro-cycloalkyl-
pyrimido-pyrimidinones 92a–d. Therefore, condensation of
the sodium salts of formyl cyclic ketones (89) with 6-
Scheme 22 Synthesis of 8,10-disubstituted-3,4-dihydro-2H-pyrimidoqu

This journal is © The Royal Society of Chemistry 2020
aminothiouracil in piperidine acetate/acetic acid systems at
reux temperature afforded the cyclocondensation products
92a–d in noteworthy yields. The reactions progressed by
nucleophilic addition of the amino group of 6-aminothiouracil
to the aldehydic carbonyl group of 90b (in situ generated from
the hydrolysis of sodium salts 89 with water) in piperidine
acetate to generate the intermediates 91. The tricyclic systems,
cycloalkyl-pyrimidopyrimidinones 92a–d, have three possible
tautomeric structures, A–C. The nitrogen atom at position 2 of
the pyrimidopyrimidine ring has a hydrogen atom, which
enables the enolization of the amidic carbonyl group at position
3 of the ring, and thione-thiol tautomerization at position 1
forms the possible structures A–C.41 Intramolecular
inazolines.

RSC Adv., 2020, 10, 15461–15492 | 15473
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cyclocondensation of the intermediates 91 yielded the respec-
tive pyrimidopyrimidines 92a–d instead of generating the
planned products 9476–78 (Scheme 23).

2.4.2. Synthesis of pyrazolo-pyrimido[1,2-c]pyrimidines. To
construct the pyrimidopyrimidine ring, an efficient multi-step
synthetic route was applied by Karoui et al.79 by succeeding
acid-catalyzed condensation reactions. Consequently, the
reactions of 2-(substituted-(ethoxy)methylene)malononitriles
95 with phenylhydrazine yielded the respective 4-cyano-5-
amino-3-substituted-1-phenyl-1H-pyrazoles 96. The imino
group of phenyl-hydrazine performed a nucleophilic attack at
the nitrile function of malononitriles 95. Subsequent treat-
ment of pyrazoles 96 with triethylorthoformates in acetic acid
as a catalyst at reux temperature yielded the desired ethyl
carbonoimidates 97.80,81 The ethyl carbonoimidates 97 were
further treated with ammonia in ethanol containing a cata-
lytic amount of acetic acid at reux temperature to afford the
respective 3,6-disubstituted-4-amino-1-phenyl-1H-pyr-
azolopyrimidines 98.82 Aerwards, pyrazolopyrimidines 98
were reacted with 2,3-disubstituted-3-ethoxyacrylonitriles in
ethanol catalyzed by acetic acid to afford the anticipated
tricyclic iminopyrazolo[4,3-e]pyrimido[1,2-c]pyrimidines 99
(Scheme 24).79

2.4.3. Synthesis of pyrimidopurine-diones. Treatment of
5,6-diamino-3-substituted-pyrimidine-2,4(1H,3H)-diones 100a
and 100b each with cycloalkyl carboxylic acids or benzoic acid in
methanol catalyzed by EDC yielded the corresponding amides
Scheme 23 Synthesis of 1-thioxo-1,2,8,9-tetrahydro-cycloalkyl-pyrimid

15474 | RSC Adv., 2020, 10, 15461–15492
101a–e.83 Alternatively, the amides 101a–e reacted with 1,3-
dibromopropane in DMF/K2CO3 to afford pyrimidopyr-
imidindiones 102a–e, respectively, with yields of 42–63%. The
high reactivity of 1,3-dibromopropane allowed the reaction
between the nitrogen atom at position 1 and the amino group
attached to position 6 of the uracil. Further reuxing of 102a–e
with HMDS at reux temperature for 18 h yielded the tricyclic
systems 103a–e, respectively, with yields of 38–74%. An alter-
native route for the synthesis of a xanthine tricyclic system was
reported through the preparation of compound 103a. There-
fore, the reaction of 100a with benzaldehyde in ethanol at reux
temperature yielded compound 104a.84 The bicyclic 105a was
synthesized in a yield of 54% by the reaction of 1,3-dibromo-
propane with 104a in a DMF/K2CO3 system. Ring closure of
compound 105a was accomplished by an oxidative step by
reaction with thionyl chloride to yield xanthine product 103a in
87% yield (Scheme 25).85 The substituents of 2-(3-nor-
adamantyl)-, such as 2-(adamantan-1-yl)-9-propyl-5,6-dihydro-
4H,8H-pyrimidopurine-dione (102), have been veried to be
selective antagonists for adenosine A1 receptor.86,87
2.5. Synthesis of tetracyclic systems

A simple multi-step synthetic method was reported by Abdel-
Hafez et al.88 for the preparation of a tetracyclic system incor-
porating the pyrimido[1,2-c]pyrimidine scaffold. Thus, 3-amino-
4,6-dimethyl-selenopheno[2,3-b]pyridine-2-carbonitrile (107)
opyrimidinones.

This journal is © The Royal Society of Chemistry 2020
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Scheme 24 Synthesis of 2,3,6,10-tetrasubstituted-8-phenylpyrazolopyrimidopyrimidin-4(8H)-imines.
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was prepared by reaction of 2-hydroseleno-4,6-dimethyl-
nicotinonitrile (106) with 2-chloroacetonitrile.89 The reaction
of selenopheno[2,3-b]pyridine 107 with triethyl orthoformate
yielded the respective ethyl formimidate 108, which was treated
with propane-1,3-diamine in 1,4-dioxane at room temperature
to afford the tricyclic pyrido-selenopheno[3,2-d]pyrimidine 109.
Scheme 25 Synthesis of pyrimidopurine-diones.

This journal is © The Royal Society of Chemistry 2020
The intramolecular cyclization of compound 109 to the target
product 110 was accomplished by heating in ethanol. In this
cyclization, the terminal amino group of the propyl chain acts as
a nucleophile which attacks the C]NH at position 4 of the
pyrimidine ring, resulting in the elimination of an ammonia
molecule (Scheme 26).88
RSC Adv., 2020, 10, 15461–15492 | 15475
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Scheme 26 Synthesis of pyrido-selenopheno[2,3-e]pyrimidopyrimidine.
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The reaction of enaminonitriles of thiophenes 111a–e with
formic acid at reux temperature yielded thienopyrimidinones
112a–e, respectively.90 Further treatment of 112a–e with phos-
phorus oxychloride under microwave irradiation conditions
yielded the anticipated chlorinated thienopyrimidines 113a–e. A
series of 7H-thienopyrimidoquinazolinones 115a–o was synthe-
sized by Niementowski reactions91 of 3a–e with anthranilic acids
114a–c undermicrowave irradiation or reux92–95 conditions. The
Scheme 27 Synthesis of 7H-thienopyrimidoquinazolinones 115.

15476 | RSC Adv., 2020, 10, 15461–15492
products 115a–o were formed through nucleophilic attack of the
amino group of the anthranilic acids at C4 of thieno[2,3-d]
pyrimidines 113a–e, followed by1,3 proton transfer and subse-
quent intramolecular cyclocondensation (Scheme 27).96

As well, pyridopyrimidinones 117a–g were synthesized by
reuxing 2-amino-nicotinonitriles 116a–g in formic acid. Nie-
mentowski condensation of 117a–gwith anthranilic acids 118a–
c under microwave irradiation conditions, by reuxing in the
This journal is © The Royal Society of Chemistry 2020
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presence of polyphosphoric acid, or by the direct fusion method
yielded the anticipated 8H-pyridopyrimidoquinazolinones
119a–u. The products 119a–u were formed through initial
condensation between the amino group of the anthranilic acid
and the carbonyl group of the pyrimidine ring and a subsequent
intramolecular cyclocondensation step of the generated inter-
mediate A-5 (Scheme 28).92

Treatment of Visnagen 120a (R ¼ H) and Khellin 120b (R ¼
OCH3), respectively, in an aqueous solution of potassium
hydroxide generated the respective 5-acetyl-6-hydroxy-4-
methoxybenzofuran derivatives 121a and 121b, which were
condensed with dihydropyrimidinone 24 in DMF at reux
temperature to yield 3H-furopyrimidoquinazolinones 123a and
Scheme 28 Synthesis of 8H-pyridopyrimidoquinazolinones 119.

This journal is © The Royal Society of Chemistry 2020
123b. The reactions of benzofuran derivatives 121a and 121b
with dihydropyrimidinone 24 produced compounds 122a and
122b aer a short time; these were condensed in DMF to afford
the target compounds 123a and 123b, respectively. In the rst
step, nucleophilic attack of the amino group of dihydropyr-
imidinone 24 took place at the acetyl carbonyl group of
benzofuran derivatives 121a and 121b, and subsequent intra-
molecular cyclocondensation afforded compounds 123a and
123b97 (Scheme 29).
2.6. Synthesis of binary heterocycles

Abu-Hashem and Youssef98 reported a procient procedure for
the synthesis of 2H-pyrimido[1,6-a]pyrimidines 129a–d through
RSC Adv., 2020, 10, 15461–15492 | 15477
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Scheme 29 Synthesis of furopyrimidoquinazolinones.
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multi-step reactions. Firstly, condensation reactions of Visna-
gen and Khellin 120 in reuxing DMF with 6-amino-2-thioxo-
2,3-dihydropyrimidin-4(1H)-one afforded the Schiff bases 124a
and b, respectively. Succeeding methylation of the thione group
of 124a and b with methyl iodide afforded the corresponding
methylmercaptan analogs 125a and b, which followed
Scheme 30 Synthesis of tetrahydro-2H-pyrimidopyrimidines.

15478 | RSC Adv., 2020, 10, 15461–15492
nucleophilic substitution by reactions with piperazine and
morpholine to yield a series of pyrimidinones 126a–d. Chlori-
nation of the ketone group at C4 of the pyrimidine ring of 126a–
dwas accomplished by reaction with phosphorus oxychloride in
dry 1,4-dioxane to afford the anticipated chlorinated products
127a–d. Consequent halogen substitution of the formed
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00411a


Scheme 31 The proposed ring construction of the pyrimidopyrimidines.
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products 127a–d was achieved by reactions with piperazine and
morpholine through nucleophilic attack of the cyclic amine at
the chlorine atom at C4 of the pyrimidine ring to afford the
trisubstituted pyrimidines 128a–d, respectively. Lastly, the
cyclization step of 128a–d proceeded by cyclocondensation with
3-chloropentane-2,4-dione in acetic acid containing zinc dust to
afford the corresponding 2H-pyrimidopyrimidines 129a–d in
good yields (69–82%) (Scheme 30).

The mechanism of the cyclization of the trisubstituted
pyrimidines 128a–d to the respective tetrahydro-2H-pyrimido
[1,6-a]pyrimidines 129a–d is illustrated in Scheme 31. The
initial step in the reactions of pyrimidines 128a–d with 3-
chloropentane-2,4-dione is the reduction of the pyrimidine ring
and the substituted imine at C6 of the ring with Zn in acetic acid
to generate the intermediate A-6. Condensation of the inter-
mediate A-6 with 3-chloropentane-2,4-dione, which was tauto-
merized to the enol form, produced the intermediate B-6;
Scheme 32 Oxidation and amination of furopyrimidoquinazolinones.

This journal is © The Royal Society of Chemistry 2020
subsequent intramolecular cyclization aer rearrangement of
another ketonic carbon to the enol form and condensation with
the imine group at C6 of the pyrimidine ring generated the
intermediate C-6. Subsequent reduction of the intermediate C-6
with zinc yielded a series of pyrimidopyrimidines 129a–d.98

3. Reactions
3.1. Reactivity of the thione group

Methylation of the thione groups of 3H-furopyr-
imidoquinazolinones 123a and 123b with methyl iodide in
alcoholic potassium hydroxide solution yielded the methyl-
mercaptan derivatives 130a and 130b, respectively. Oxidation of
130a and 130b with hydrogen peroxide yielded the (methyl-
sulfonyl)-3H-furo-pyrimido[1,6-a]quinazolin-3-ones 131a, and
131b. Alternatively, treatment of 130a and 130b with cyclic
amines such as piperazine or morpholine afforded the respec-
tive amine-linked furo-pyrimido-quinazolinones 132a–
RSC Adv., 2020, 10, 15461–15492 | 15479
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d through nucleophilic substitution reactions in which SCH3

acted as a good leaving group97 (Scheme 32).
The reactivity of 3H-furopyrimidoquinazolinones 123a and

123b was investigated by Abu-Hashem97 through reactions with
a-halo-acids. Thus, heating of compounds 123a and 123b with
2-chloroacetic acid in AcOH/Ac2O catalyzed by sodium acetate
yielded furo-thiazolo-pyrimido[1,6-a]quinazoline-3,5-diones
134a and 134b, respectively; these were obtained from the
same reactions through the formation of compounds 133a and
133b and subsequent condensation. The formation of
compounds 134a,b is not discussed because the mechanism of
reduction of the C]N bond of the pyrimidinone ring to
complete the cyclization step is unclear. Additionally, conden-
sation of compounds 134a and 134b with aryl aldehydes in 1,4-
dioxane containing piperidine yielded a series of arylidenes
135a–f. One-pot reactions of compounds 123a and 123b with 2-
chloroacetic acid and aryl aldehydes in AcOH/Ac2O catalyzed by
sodium acetate directly afforded the products 135a–f
(Scheme 33).

The alksylation process of 3H-furopyrimidoquinazolinones
123a and 123b was achieved by treatment of alcoholic potas-
sium hydroxide solutions of the reactants with 3-chloropentane-
2,4-dione to afford the desired thiopentane-2,4-diones 136a and
136b, respectively. The alkylation of the thione groups of 123a
and 123b was accomplished aer the tautomerization of the
thione groups to the thiol forms. Compounds 136a and 136b
were reacted with hydrazine hydrate, urea and thiourea in 1,4-
dioxane containing piperidine at reux temperature to yield the
Scheme 33 Synthesis of arylidene of furothiazolo-pyrimido[1,6-a]quina

15480 | RSC Adv., 2020, 10, 15461–15492
binary heterocycles 137a, 137b, and 138a–d, respectively. The
reactions are cyclocondensations of 1,3-diketones with 1,2- or
1,3-binucleophiles97 (Scheme 34).
3.2. Reactivity of the amide group

More recently, the tricyclic systems 103c and 103d were also
prepared under microwave irradiation conditions to improve
the yield and shorten the reaction time. The reaction of 102d to
prepare 103d failed to give a good yield due to the low solubility
of the reactant. By dissolving compound 102d in THF and
applying microwave irradiation conditions (20 min at 100 W)
with the addition of HMDS with careful stirring, compound
103d was obtained in 75% yield. On the other side,
pyrimidopurine-dione 103c was synthesized under microwave
irradiation conditions from the reaction of pyrimido[1,6-a]
pyrimidine 102c with HMDS in 98% yield under the previously
described conditions (100 W, 140 �C, 20 min) (Scheme 35).99
3.3. Nucleophilic substitution reactions

Substitution of the chlorine atom at C3 of tetrahydro-
pyrimidopyrimidines 129a–d with nucleophiles such as piper-
azine and morpholine was achieved in boiling methanol to
afford the respective 1-aryl-2,4-dimethyl-3,6,8-tri(piperidinyl)
and (morpholinyl)-pyrimidopyrimidines 139a–d (Scheme 36).98

The reactivity of ethyl carboxylate 12a was veried by reac-
tions with different electrophiles and nucleophiles. Conse-
quently, ethyl carboxylate 12a was reacted with morpholine,
zoline-3,5-diones.

This journal is © The Royal Society of Chemistry 2020
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Scheme 34 Synthesis of hetrylthio-3H-furopyrimidoquinazolinones.

Scheme 35 Synthesis of pyrimidopurine-diones.

Scheme 36 Synthesis of 1-aryl-3,6,8-trisubstituted-2H-pyrimidopyrimidines.
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benzenethiol, and sodium ethoxide solutions to afford the
anticipated ethyl carboxylates 140a, 140b, and 140c, respec-
tively. In another route, the chlorine atom at C8 of compound
12a was substituted by reactions with methyl iodide and benzyl
bromide to afford the products 141a and 141b in 77% and 62%
yield, respectively. Additionally, reactions of 12a with acetyl
chloride and benzoyl chloride led to the generation of tricyclic
systems, oxazolopyrimidopyrimidines 142a and 142b, in 84%
and 93% yield, respectively (Scheme 37). The chlorine atom and
This journal is © The Royal Society of Chemistry 2020
amino group linked to the basic skeleton of 4H-pyrimidopyr-
imidine provide potential for future studies.40
3.4. Condensation reactions

Condensation of 1H-pyrimido[6,1-b]quinazoline-1,10(4H)-dio-
nes 66a–e with aryl aldehydes 143a–d in ethanol containing
piperidine at reux temperature yielded the respective aryli-
denes of 3-methyl-1H-pyrimido[6,1-b]quinazoline-1,10(4H)-dio-
nes 144a–t (Scheme 38).65
RSC Adv., 2020, 10, 15461–15492 | 15481
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Scheme 37 Reactivity of ethyl 4H-pyrimidopyrimidine-carboxylate.

Scheme 38 Synthesis of arylidenes of 3-methyl-1H-pyrimido[6,1-b]quinazoline-1,10(4H)-diones.
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3.5. Ring transformations

The selective acidic or basic hydrolysis of substituted-6-amino-
3,4-dihydro-2H-pyrimido[1,2-c]quinazolines (63) furnished the
analogue 1,2,3,4-tetrahydro-6H-pyrimido[2,1-b]quinazolin-6-
Scheme 39 Synthesis of pyrimidoquinazolinones.

15482 | RSC Adv., 2020, 10, 15461–15492
ones (145). The processes involved ring-opening/ring-closing,
in which the cleavage of the pyrimidine ring was accom-
plished in the presence of sodium hydrate and subsequent
reuxing in a mixture of ethanol/water to achieve the
This journal is © The Royal Society of Chemistry 2020
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intramolecular cyclization. Compounds 145 were obtained with
excellent yields ranging from 73% to 83% (Scheme 39).64

The sequence of the tentative mechanistic routes of ring-
opening/closure for the transformation of pyrimidoquinazo-
lines 63 with the formation of by-products was reported.
Therefore, the hydrolysis of 63 in acid medium resulted in
cleavage of the pyrimidine ring with the formation of quinazo-
linones 146, along with the unexpected formation of pyr-
imidoquinazolinones 147 as side products. In fact, the
intermediates which were formed aer the ring-opening
process were produced in the hydrochloride form, which
hindered the cyclization in the next step. Neutralization of the
formed hydrochloride of the anticipated aminoquinazolinone
in a reuxing mixture of EtOH/H2O yielded the tricyclic
pyrimido-quinazolinones 145 through simple intramolecular
cyclization. Moreover, acetylation of 146 with acetic anhydride
in the presence of triethylamine yielded the monoacetylated
products 148 in good yields. The basic hydrolysis of the 2H-
pyrimidine series provides an exceptional and selective route
which is superior to acid hydrolysis (Scheme 40).64
3.6. Coordination chemistry

The respective pyrimido[1,6-a]pyrimidine-dione (41) was
applied as a tridentate ligand with two oxygen atoms and one
nitrogen atom, which can donate electrons to the empty d-
orbital of the metal to form three coordination bonds. There-
fore, compound 41 tends to form 1 : 1 or 1 : 2 (metal : ligand)
metal complexes 149–152 (Scheme 41)48 by reaction with metal
ions such as copper chloride, ferric chloride, cobalt chloride,
and lanthanum chloride in methanol at reux temperature. The
metal complexes 149–152 were synthesized by applying the
method reported by Merchán et al.100
Scheme 40 Study of the ring-cleavage sequence.

This journal is © The Royal Society of Chemistry 2020
4. Biological Activities
4.1. Cytotoxic Activity

Compounds 54a and 54f (Scheme 12) were assessed as anti-
cancer agents against ZR-75-30, HCT116, and A549 cancer cells
using the MTT assay. The results revealed that both compounds
displayed potent activities against the inspected cell lines.
Generally, compound 54f revealed potent activity against ZR-75-
30 cancer cells, with IC50 ¼ 0.71 mM, HCT116 cancer cells, with
IC50 ¼ 1.1 mM, and A549 cancer cells, with IC50 ¼ 2.2 mM. Pyr-
imido[1,6-c]quinazoline 54f was used as a guide compound for
further drug development for cancer treatment. The structure–
activity relationships revealed that incorporation of the pyr-
imido[1,6-c]quinazoline scaffold is essential for potent cytotoxic
results; additionally, the incorporation of a tert-butyl substit-
uent at C40 of the phenyl ring at C6 of the pyrimido[1,6-c]qui-
nazoline core enhanced the activity (Fig. 2).62

Moreover, the cytotoxic activity was evaluated for pyrimido
[1,6-a]pyrimidine-dione (41) and its metal complexes 149–152
(Schemes 10 and 41) against the hepatocyte cell line by theMTT-
based cell viability assay. The results indicated that Cu-complex
149 displayed potent cytotoxicity, with CC50 ¼ 93 mM relative to
VX-950 (CC50 ¼ 90 mM) against the tested cell line. In general,
the formation of complexes is essential for potent cytotoxic
results; Fe-complex 150, Co-complex 151, and La-complex 152
showed activities of CC50 ¼ 330, 154, and 213 mM, respectively.
Compound 5 showed the lowest cytotoxic activity, with CC50 ¼
341 mM. The Cu-, Fe-, Co-, and La- complexes 149–152 could
reduce cell viability by 50%.48

4.2. Antimicrobial activity

The antimicrobial activity of 6-substituted-2,3-dihydro-4H-pyr-
imido[1,2-c]quinazolin-4-ones (70a–d) (Scheme 17) was
RSC Adv., 2020, 10, 15461–15492 | 15483

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00411a


Scheme 41 Synthesis of pyrimido[1,6-a]pyrimidine-transition metal complexes.

Fig. 2 Structure of potent cytotoxic agents and tyrosine kinase
inhibitors.
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investigated against B. cereus, B. subtilis, and E. coli as examples
of Gram +ve and �ve bacterial strains with A. niger as a fungal
strain and methaqualone as an antibiotic standard using the
disc diffusion technique. Compounds 70a (MIC ¼ 0.75 �
10�3 mmol mL�1) and 70b (MIC ¼ 0.36 � 10�3 mmol mL�1)
revealed moderate activities relative to the antibiotic results;
however, compounds 70c (MIC ¼ 0.79 � 10�3 mmol mL�1) and
70d (MIC value ¼ 0.14 � 10�2 mmol mL�1) showed weak
activity against B. cereus. Compound 70b showed good activity
against B. subtilis and E. coli. Meanwhile, compounds 70b and
70c displayed reasonable activities against Aspergillus niger.66

The antimicrobial activity of quinazolinoquinazolinone 74b
(Scheme 18) was inspected against S. aureus, B. subtilis, P. aer-
uginosa, E. coli, A. fumigatus, G. candidum, C. albicans, and S.
15484 | RSC Adv., 2020, 10, 15461–15492
racemosum. The compound revealed potent results against S.
aureus and B. subtilis, with inhibition zones of 18.2 and 17.3 mm
relative to the results of the standard drugs Penicillin G and
Streptomycin. In addition, compound 74b showed moderate
activities against the E. coli bacterial strain and fungal strains,
i.e. A. fumigatus, G. candidum, and C. albicans; meanwhile, this
compound was found to be inactive against P. aeruginosa and S.
racemosum. The MIC (mg mL�1) was investigated for compound
74b against different bacterial and fungal strains, in which the
MIC was found to be 78 mg mL�1 against the S. aureus bacterial
microorganism and G. candidum fungal strain.68

The MICs of the anticipated cycloalkyl-
pyrimidopyrimidinones 92a–d and pyrimido[1,6-a]pyr-
imidinone 28 (Schemes 7 and 23) were evaluated against S.
aureus and B. subtilis as Gram-positive bacterial strains, E. coli
and P. aeruginosa as Gram-negative bacterial strains, and C.
albicans as a fungus. The compounds were prepared with serial
dilution at concentrations of 25, 50, 100, 200, and 400 mg mL�1.
Ciprooxacin and Triucan were used as antibiotic standards.
The compounds showed moderate MIC activities against the
tested microbial strains. The MIC inhibits the growth of visible
colonies, by which S. aureus was found to be the most resistant
microorganism. The MIC was found to be $ 1600 mg mL�1

against S. aureus for all the inspected compounds and$ 800 mg
mL�1 against the other microorganisms.75

The antibacterial activities of compounds 123a,b, 130a,b,
131a,b, 132a–d, 133a,b, 134a,b, 135a–f, 136a,b, 137a,b, and
138a–d (Schemes 29 and 32–34) were evaluated against S.
This journal is © The Royal Society of Chemistry 2020
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aureus, S. pyogenes, E. coli, and K. pneumoniae using cefotaxime
sodium as antibiotic standard. Compounds 135a–f, 137a,b,
and 138a–d revealed potent activities against the inspected
bacterial strains. The remaining compounds displayed
moderate activities. On the other hand, two series of
compounds, 135a–f and 138a–d, have potent antifungal
activities against A. Niger, A. Alternata, C. Lunata, and C. Albi-
cans fungal strains, with MICs of 2–9 mmol mL�1 and 7–12
mmol mL�1, respectively. The SAR studies veried that potent
antimicrobial results were achieved by the incorporation of
alkyl groups such as methyl, electron-donating groups such as
thioxo, hydroxyl, methoxy, amino, methylsulfonyl, and chlo-
rine atom, heterocyclic cores such as thiazole, pyrazole,
pyrimidine, and quinazoline, and cyclic amines such as
piperazine and morpholine rings.97

The antibacterial activity of the desired arylidenes of 3-
methyl-1H-pyrimido[6,1-b]quinazoline-1,10(4H)-diones 144a–t
was evaluated using the agar cup technique against E. coli and S.
typhi Gram-negative strains. The results showed that the
compounds have more potent activity against E. coli than
against the strain of S. typhi. In addition, compounds 144e (X ¼
H, Y¼ NO2, Z¼H), g (X ¼ Cl, Y¼H, Z¼ Cl), h (X¼H, Y¼ Cl, Z
¼ Cl), j (X ¼ H, Y ¼ NO2, Z ¼ Cl), o (X ¼ H, Y ¼ NO2, Z ¼ CH3),
and t (X ¼ H, Y ¼ NO2, Z ¼ OCH3) demonstrated potent activity
relative to the standard antibiotic penicillin (24 mm). The
antifungal activity was investigated by poison plate assays101

against A. niger and P. chrysogenum fungal strains. No growth of
the fungal strains was noted for compounds 144b, c, e, g, h, j, l,
m, o, q, r, or t (Scheme 38).65

4.3. Antihyperglycemic and antihyperlipidemic potentials

Antihyperglycemic and antihyperlipidemic tests were carried
out for compound 92b using albino mice and pregnant female
albino rats. The test was performed using six groups of eight
male albino mice; one group served as a control, and the other
groups were administered the inspected compound by gastric
tube in regularly increasing doses (200, 400, 600, 800 and
1000 mg per kg b.w.). Accordingly, pyrimidoquinazolinone 92b
(Scheme 23) was investigated as an anti-hyperglycemic, anti-
hyperlipidemic and antioxidant agent using a sublethal dose of
10 mg per kg b.w. per day for three weeks; it was found to be
a potent agent, showing good results in neonatal
streptozotocin-induced (n-STZ) diabetic male and female albino
rats. The potent results can be attributed to the insulinogenic
action and extrapancreatic effects in addition to the improving
action on the antioxidant defense system.75

4.4. Antidiabetic and antioxidant activities

The antidiabetic and antioxidant effects were assessed for pyr-
imidoquinazolinone 92b (Scheme 23); the results indicated that
the compound displayed potent antihyperglycemic and anti-
hyperlipidemic potentials in n5-STZ-induced type 2 diabetic
male and female rats. The effects are related to the insulino-
genic action and extrapancreatic properties in addition to the
improving action on the antioxidant defense system. However,
additional clinical research is necessary to estimate the safety
This journal is © The Royal Society of Chemistry 2020
and effectiveness of the investigated compound in diabetic
human beings.102

4.5. Gastroprotective agents

In this type, pyrazolopyrimidopyrimidines 99a, 99b, 99f, and
99g (Scheme 24) were evaluated as gastroprotective agents
against gastric ulcer induced by HCl/ethanol solution. The
samples were tested at two different concentrations (50 and
100 mg kg�1). The results demonstrated that the tricyclic
pyrazolo-pyrimido-pyrimidine 99f at a concentration of 100 mg
kg�1 showed remarkably higher inhibition of gastric lesions
(91.42%) relative to the results obtained by cimetidine (74.03%
at 100 mg kg�1), which was utilized as a reference drug. The
structure–activity relationships (SARs) specied that the
replacement of hydrogen atom with methyl substituents is
necessary for potent gastroprotective results in addition to the
presence of the pyrazolopyrimidopyrimidine skeleton, which
improves the biological results.79

4.6. Anticonvulsant activity

The advanced detection and progress of new chemical agents
for the remediation of epilepsy is based on the use of predict-
able animal models, whereby MES and scPTZ-induced seizure
models inmice are known as reference standards in the primary
periods of testing. Two series of thienopyrimido-
quinazolinones 115a–o and pyridopyrimidoquinazolinones
119a–u (Schemes 27 and 28 and Fig. 3)92,96 were assessed as
anticonvulsant agents (anti-MES and anti-scPTZ). The
compounds showed potent activities. The neurotoxicity was
evaluated through a Rotarod procedure. All tested intraperito-
neal compounds were administered in different doses ranging
from 15 to 175 mg per kg b.w., medium toxic dose values (DT50)
and post-summer protection. The substituents attached to the
heterocyclic and aromatic benzene rings have high impacts on
the biological characteristics, in which the groups responsible
for the penetration across the blood–brain barrier arise from
modulating the lipophilicity. The protection index (PI) values
indicate the relationship between lipophilicity and toxicity.
Compounds 119j and 119n revealed potent activities. More
potent activity against seizures induced by scPTZ than against
seizures induced by MES was noted for compounds 115a–o.
Additionally, compounds 119a–u revealed greater decreases in
activity against seizure induced by scPTZ than against seizure
induced by MES. The structures and SARs of the anticonvulsant
activity of the thieno- and pyrido-fused pyrimidoquinazolinones
115a–o and 119a–u are specied in Fig. 3.103,104

4.7. Anti-inammatory activity

The respective pyrazolopyrimidopyrimidines 99a, 99b, 99f, and
99g (Scheme 24) were evaluated as anti-inammatory agents
using carrageenan-induced rat paw edema assessments. The
results presented that the most potent analogs are compounds
99a, 99b, and 99f (50-100 mg kg�1, i.p.) relative to the results of
the reference drug, acetylsalicylic-lysine (300 mg kg�1, i.p.). The
most potent anti-inammatory analog is 99f. The percent
inhibition for compound 99f ranged from 60.02% to 82.83%
RSC Adv., 2020, 10, 15461–15492 | 15485
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Fig. 3 Structures and SARs of the potent anticonvulsant agents.
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three hours aer injection of the carrageenan and reduction of
edema. The nature of the substituents of pyrazolopyrimido-
pyrimidines affected the obtained results of the anti-
inammatory activities of the inspected compounds. Conse-
quently, replacement of the hydrogen atom at position 5 with
methyl or ethyl groups and replacement of the nitrile group
with an ester function is essential for potent anti-inammatory
activity.79

The anti-inammatory activities of pyrimidopyrimidines 129
and 139a–d (Scheme 36 and Fig. 4) were evaluated by a carra-
geenan-induced paw edema assay using diclofenac sodium as
a standard drug. The results obviously indicated that most of
the compounds have potent activities relative to those obtained
Fig. 4 Comparison of the anti-inflammatory activities of 2H-pyrimido[1

15486 | RSC Adv., 2020, 10, 15461–15492
by diclofenac sodium aer 1–3 hours. Compounds 129 and
139a–d inhibited carrageenan-induced paw edema at 59.4–
62.3% (aer 1 hour), 59.1–61.6% (aer 2 hours), and 42.2–
48.5% (aer 3 hours). As a result, pyrimido[1,6-a]pyrimidines
139a–d are generally more potent than compounds 129a–d. The
substitution of a chlorine atom at C3 of pyrimido[1,6-a]pyrim-
idines 129a–d with cyclic amines is crucial for potent anti-
inammatory activity. In addition, the order of the activities
of compounds 139a–d was noted to be 139c > 139a > 139d >
139b. Therefore, the presence of methoxy substituents
(compound 139c) instead of unsubstituted analogs is necessary
for potent anti-inammatory activity. Moreover, piperazine
,6-a]pyrimidines.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Comparison of the analgesic activity results using hot plate and peripheral writhing tests.
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substituents are better than morpholine substituents for potent
activity.98

4.8. Analgesic activity

Two series of pyrimidopyrimidines, 129 and 139a–d (Scheme 36
and Fig. 5), were evaluated as analgesic agents by the hot-plate
(central analgesic activity) and acetic acid-induced writhing
tests. The compounds showed potent activities using both
methods compared to the results obtained for diclofenac sodium.
Hence, pyrimidopyrimidine 139c displayed higher analgesic
activity than diclofenac sodium. The SARs indicated that the
incorporation of methoxy substituents at C9 of the furochromenyl
core is essential for potent activity. The efficiency of the tested
analgesic agents increases with time and subsequently decreases
aer three hours. Frequently, pyrimidopyrimidines 139a–d are
more potent agents than pyrimidopyrimidines 129a–d. These
results can be explained by the action of the chemical structures.
Accordingly, the substitution of the chlorine atom at C3 with the
piperazine ring of the pyrimidopyrimidine core is essential for
potent results of analgesic activity.98

4.9. Antiviral activity

The pyrimidopyrimidine-dione 41 and its metal complexes 149–
152 (Schemes 10 and 41) were evaluated as HIV agents using
Atevirdine as an antibiotic standard. The compounds displayed
Fig. 6 SARs of pyrimidopyrimidine-diones as bioactive molecules.

This journal is © The Royal Society of Chemistry 2020
good activities relative to the antibiotic standard. Compound 41
presented the most potent activity, with IC50 ¼ 40.31 mM;
meanwhile the metal complexes 149–152 revealed IC50 values
ranging from 78.67 to 96.18 mM. The tested compounds
generally indicated respectable HIV-1 RT inhibitory activity but
showed lower activities compared to Atevirdine. On the other
hand, compound 41 and its metal complexes 149–152 presented
potent HCV NS3-4A protease inhibitory activities, with IC50 ¼
0.388, 0.445, 0.987, 0.456, and 0.765 mM, respectively, relative to
the results of the standard VX-950 (IC50 ¼ 0.20 mM). The
complexation step generally improves the activity against HCV
NS3-4A protease; however, in this case, the complexation step of
compound 41 decreases the activities of the formed metal
complexes to a lower degree.48
4.10. Kinase inhibitory activity

Pyrimido[1,6-c]quinazoline 54f (Scheme 12) was evaluated as an
inhibitor for protein tyrosine kinases such as FLT3, INSR, and
VEGFR-2, with potent results. The IC50 values ranged from 0.94
to 0.86 and 1.0 mM against FLT3, INSR and VEGFR-2 protein
tyrosine kinases, respectively. In addition, pyrimido[1,6-c]qui-
nazoline 54a showed no activity against any of the tested
kinases.62 Also, INSR and VEGFR-2 are closely related to breast
cancer.105,106
RSC Adv., 2020, 10, 15461–15492 | 15487
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Fig. 7 Comparison of the number of reports related to the different sections of this paper in the last decade.
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4.11. Affinity for ET(A) receptors

Griessmeier andMüller107 demonstrated the affinities of a series
of substituted 6H-pyrimidopyrimidine-diones 102 (Scheme 25
and Fig. 6) as receptors for endothelin ET(A)-selective antago-
nists against human astrocytoma 1321N1 cell lines by applying
[3H]BQ-123. The affinity was found to bemoderate, with [3H]BQ-
123 binding inhibition in the range of 30–40% at a denite
concentration. The radioligand binding inhibition was deter-
mined to be 10 mmol l�1 [3H]BQ-123. The inhibition of radio-
ligand binding indicated that compound 102a displayed
moderate affinity to ET(A) receptors in human astrocytoma
1321N1 cells, with values of 33% for 102a, 20% for 102b, 2% for
102c, 14% for 102d, and 35% for 102e (Fig. 6) against the
human astrocytoma 1321N1 cell line. The expression level of
ET(A) receptors for the prepared membranes of the cell line was
found to be high (Bmax¼ 128 fmol mg�1 protein). The K(D) value
for [3H]BQ-123 (KD ¼ 2.29 nmol l�1) was equivalent to that
previously investigated in the human neuroblastoma SK-N-MC
cell line. The rank order of a series of agonists and antago-
nists claried the individual labeling of ET(A) receptors on the
studied cell line “astrocytoma 1321N1” by [3H]BQ-123. Astro-
cytoma 1321N1 cells are useful for screening potential ET(A)
ligands in radioligand binding assessments with [3H]BQ-123;
these cells express high levels of ET(A) receptors.
5. Concluding remarks

The present survey provides a description of the chemistry and
biological importance of heterocycles incorporating pyrimido
[1,6-a]pyrimidine and pyrimido[1,6-c]pyrimidine scaffolds. The
pyrimido-pyrimidines of this class demonstrated valuable and
diverse biological properties. The investigated compounds were
synthesized through the formation of three C–N bonds by the
reaction of acyclic reactants such as 1,3-diamine with 4-
isothiocyanato-4-methylpentan-2-one. In another route, one-pot
multicomponent reactions of aminopyrimidines, aldehydes,
and b-ketoesters yielded the substituted analogs. Pyrimidopyr-
imidines were also synthesized from the reaction of amino-
pyrimidines with unsaturated esters, unsaturated ketones or
Meldrum's acid. In addition, pyrimidine-2,4(1H,3H)-diones
were synthesized from uracil, and 4,6-dichloropyrimidine
served as a reactive synthon for the synthesis of pyrimido[1,6-c]
15488 | RSC Adv., 2020, 10, 15461–15492
quinazolines. Also, the chlorination of 6-bromo-2-substituted-
quinazolinones and subsequent reaction with 2-amino-5-
bromobenzoic acid yielded the respective quinazolino-
quinazolinones. Cyclization of the respective 4-(3-hydroxy-
propyl-amino)-quinazolines in hydrochloric acid produced the
quaternary salts. In another route, pyrimidopurine-diones were
prepared from 5,6-diamino-3-substituted-pyrimidine-diones by
amidation or condensation with acids and cyclization with 1,3-
dibromopropane. Moreover, tri-, tetracyclic, and binary
heterocycles were synthesized. These studies reported the
reactivity of the substituents, nucleophilic substitution reac-
tions, condensations, ring transformations, and complex
formation. The different synthetic methods investigated for the
construction of the pyrimidopyrimidine ring provide various
heterocycles that are useful in different areas of chemistry, such
as drug design. Consequently, the compounds are potent cyto-
toxic, antimicrobial, antihyperglycemic, antihyperlipidemic,
antidiabetic, antioxidant, gastroprotective, anticonvulsant, anti-
inammatory, analgesic, and antiviral agents and act as
inhibitors of protein tyrosine kinases. Preferred structures can
bind to several high-affinity targets, affording novel biologically
active agents. Thus, pyrimido[1,6-a]pyrimidines and pyrimido
[1,6-c]pyrimidines represent substantial characteristic scaffolds
that possess a wide range of biological characteristics.
6. Literature overview

Since Yani and coworkers24 reported the synthesis of 2,3,4,7-
tetrahydro-6H-pyrimido[1,6-a]pyrimidin-6-ones, several scien-
tic studies have been published regarding the synthesis of this
category of heterocyclic compounds. Several surveys have
demonstrated the frequency with which published work
relating to the diverse sections of this paper has increased
throughout the preceding period (Fig. 7). During this period
(before 1990), much interest was aroused in the preparation of
compounds with the same biological behavior as pyrimidopyr-
imidine isomers [4,5-d] and [5,4-d]. The numbers of synthetic
methods (Section 2) and reactions (Section 3) have remarkably
increased in recent years owing to the signicant and valuable
biological activities of these compounds. The biological appli-
cations (Section 4) have increased in recent years, although
several types of biological characteristics have not been yet
applied.
This journal is © The Royal Society of Chemistry 2020
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7. Future perspectives

The diverse biological activities which have been attributed to
pyrimidopyrimidines and pyridopyrimidine analogs should be
applied to this class of compounds depending on the nature of
the substituents attached to the basic ring skeleton. Therefore,
the pyrimido[1,6-a]pyrimidine-6,8(7H)-dione moiety provides
a possible ligand for the formation of complexes, which are
potent cytotoxic agents; further evaluation of their cytotoxic and
antiviral activities should be a research focus. Compounds
incorporating the pyrimido[1,2-c]quinazolinone scaffold are
potent antimicrobial agents; this provides further areas of study
for the synthesis of a series of these compounds with the same
potency. The cycloalkyl[e]pyrimidopyrimidinone compounds
have potent antihyperglycemic, antihyperlipidemic, antidiabetic,
and antioxidant activities; the tricyclic system of pyrimidopyr-
imidine fused with a cycloalkane ring provides efficient bioactive
components. Furthermore, tricyclic pyrazolo-pyrimido[1,2-c]pyr-
imidin-4(8H)-imines display potent gastroprotective activities. In
addition, thieno-pyrimidoquinazolinones 115a–o and pyrido-
pyrimidoquinazolinones 119a–u are potent anticonvulsant
agents; this provides a route to prepare biologically active
compounds with diverse activities and to achieve potent results.
The attachment of cyclic amines and binary heterocycles to pyr-
imido[1,6-a]pyrimidine skeletons is an efficient synthetic route to
prepare compounds with anti-inammatory and analgesic
activities. The compounds of pyrimidopyrimidines and pyr-
idopyrimidines are potent inhibitors of protein kinase; therefore,
2-imino-pyrimidoquinazolines are potent inhibitors of protein
tyrosine kinases.

Abbreviations
EeAChE
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Electrophorus electricus
acetylcholinesterase
hAChE
 Human acetyl-cholinesterase

hBChE
 Human butyryl-cholinesterase

CF3SO3H
 Triuoromethanesulfonic acid

equiv.
 Equivalent

DOWTHERM™A
 A eutectic mixture of two very stable

compounds

Pd(OH)2
 Palladium hydroxide

K2CO3
 Potassium carbonate

DMF
 N,N-Dimethylformamide

POCl3
 Phosphorus oxychloride

TEA
 Triethylamine

Boc2O
 Boc anhydride or di-tert-butyl pyrocarbonate

NaBH4
 Sodium borohydride

SOCl2
 Thionyl chloride

HC(OEt)3
 Triethyl orthoformate

HCOOH
 Formic acid

PPA
 Polyphosphoric acid

MW
 Microwave

Zn
 Zinc

NaH
 Sodium hydride

THF
 Tetrahydrofuran

MeI
 Methyl iodide
Royal Society of Chemistry 2020
ZR-75-30
 Human breast cancer cells

HCT116
 Human cancer colon cells

A549
 Human lung cancer cells

IC50
 Inhibitive concentration at 50% of the

original concentration

MIC
 Minimum inhibitory concentration

EDC
 N0-(3-Dimethyl-aminopropyl)-N-

ethylcarbodiimide-hydrochloride

HMDS
 1,1,1,3,3,3-Hexamethyldisilazane

MES
 Maximum electroshock-induced seizures

scPTZ
 Subcutaneous pentylenetetrazole

PI
 Protection index
Gram-positive bacteria
S. aureus Staphylococcus
RSC A
aureus

B. subtilis Bacillus subtili
s

B. cereus Bacillus cereus

S. pyogenes Streptococcus p
yogenes
Gram-negative bacteria
P. aeruginosa Pseudomonas
 aeruginosa

E. coli Escherichia co
li

K. pneumoniae Klebsiella pneu
moniae

S. typhi Salmonella typ
hi
Fungal strains
A. fumigatus Aspergillus fu
migatus

A. niger Aspergillus n
iger

G. candidum Geotrichum c
andidum

C. albicans Candida albi
cans

S. racemosum Syncephalast
rum racemosum

A. alternata Alternaria al
ternata

C. lunata Curvularia lu
nata

P. chrysogenum Penicillium c
hrysogenum

CC50 50% cytotox
ic concentration
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